Oil bodies were observed in cells of both embryo and aleurone layers of mature adlay grains (Coix lachrymajobi L. var. ma-yuen Stapf). Stable oil bodies were successfully isolated from the adlay grains. Thin-layer chromatography revealed that the contents stored in the adlay oil bodies were mainly neutral lipids (>90% triacylglycerols and about 5% diacylglycerols). The integrity of the isolated oil bodies was presumably maintained via electronegative repulsion and steric hindrance provided by their surface proteins. Immunological cross-recognition using antibodies against sesame oil-body proteins indicated that two oleosin isoforms (termed oleosin-H and oleosin-L) and one caleosin were present in the adlay oil bodies. Full-length cDNA fragments encoding these three unique oil-body proteins were obtained by PCR cloning. MALDI-MS analyses confirmed that the three full-length cDNA fragments encoded the two oleosin isoforms and one caleosin observed in the oil bodies isolated from the adlay grains.
Plant seeds store large amounts of neutral lipids, mainly triacylglycerols and sterol esters, in intracellular particles as energy sources for germination and subsequent seedling growth. 1, 2) The neutral storage lipids are assembled in discrete spherical organelles called oil bodies. Oil bodies remain as small individual entities even after long periods of storage in seeds. This stability is a consequence of the steric hindrance and electronegative repulsion provided by the surface phospholipids and proteins, and thus the compressed oil bodies in a mature seed remain extremely stable and never coalesce or aggregate. 3) A few unique oil-body associated proteins have been identified in diverse plant seeds, including abundant structural proteins, oleosin isoforms, and at least two minor protein classes, caleosin and steroleosin. [4] [5] [6] [7] Oleosins are alkaline proteins with molecular masses of 15-30 kDa, and have been found in the seeds of angiosperm and gymnosperm, the pollens of angiosperm species, and mosses. 8, 9) Seed oleosins in diverse angiosperms can be classified into H-and L-isoforms accord-ing to their relative molecular masses in each species. 10) Caleosin, with a calcium-binding motif and several potential phosphorylation sites, may be involved in the regulation of some biological functions related to the synthesis or degradation of oil bodies. [11] [12] [13] Recently, caleosin was found to serve as a major structural protein, as effective as oleosin, on the surfaces of seed oil bodies. 14) Steroleosin comprises a sterol-binding dehydrogenase that belongs to a super-family of pre-signal proteins involved in signal transduction. 6) Adlay (soft-shelled Job's tears, Coix lachrymal-jobi L. var. ma-yuen Stapf) is regarded as a nutritive food source as well as an herbal medicine. Numerous reports, mostly emphasizing medicinal effects, have indicated that several constituents found in adlay grains are beneficial to human health. [15] [16] [17] In contrast, much less investigation has been done on the nutritional value of adlay grain. The nutritional value of the grain is attributed to its rich oil content (10%) and slightly high protein content, 15%, among cereal grains, while the oil and protein contents of rice, barley, and wheat are 1.9-2.3% and 8-12% respectively. 18) The major proteins found in adlay grains are prolamins, which are seed storage proteins accumulated in protein bodies. They represent approximately 60% of total proteins in adlay endosperm. 19, 20) In contrast, the accumulation of oil in adlay grains, presumably in oil bodies, has not yet been elucidated.
In this study, we observed oil bodies in the tissues of mature adlay grains under a light microscope. Stable oil bodies were isolated from adlay grains and subjected to thin-layer chromatography. Unique proteins in the oil bodies of the adlay grains were screened by immunological cross-recognition with antibodies against sesame oil-body proteins, and the corresponding cDNA fragments were obtained by PCR cloning. The correspondence between the identified oil-body proteins and the cloned cDNA fragments was further confirmed by MALDI-MS analysis.
Materials and Methods
Plant materials. Mature and fresh maturing adlay (C. lachryma-jobi L. var. ma-yuen Stapf) grains were grown and harvested at the Crop Improvement Department, Taichung District Agricultural Improve-
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Light microscopy of adlay grain. Adlay grain was immersed in water overnight and cut into 1.5-to 2.0-mm sections in fixative solution. Specimens were fixed in a solution of 4% v/v glutaraldehyde in 0.1 N sodium phosphate buffer, pH 6.8, dehydrated in an alcohol series, and then embedded in LR white resin (Sigma, St. Louis, Mo). Tissues were infiltrated with 100% London white resin at 4 C for 30 d and then polymerized at 60 C for 24 h in an oxygen-free environment. Sections (800 nm) were stained with 0.1% toluidine blue O for general histological examination. Digital images were captured with a CCD camera through a Carl Zeiss Axioplan microscope (AxioCam, ICc3, Carl Zeiss AG, Germany).
Preparation of oil bodies in adlay grain. Oil bodies were extracted from adlay grains and sesame seeds, and were subjected to further purification using a protocol described previously. 21) The method included two-layer flotation by centrifugation, detergent washing, ionic elution, treatment with a chaotropic agent, and integrity testing with hexane.
Analysis of neutral lipids in the adlay grain. Oil bodies extracted from the adlay grains were subjected to analysis of neutral lipids by thin-layer chromatography (TLC). Purified adlay oil bodies (50 ml) were extracted with 150 ml of chloroform/methanol (2:1, v/v). After centrifugation, the lower chloroform fraction was collected and spotted onto a TLC plate coated with silica gel. The TLC plate was developed in a solvent system containing hexane/diethyl ether/acetic acid (80:20:2, v/v/v). 21) After development and drying, the lipids were visualized by reacting them with iodine, and were quantitatively estimated by densitometry using the ImageJ 1.31K program of the National Institutes of Health, USA.
Structural integrity of adlay oil bodies. The structural integrity of the adlay oil bodies was examined by observing their surface properties (steric hindrance and electrostatic repulsion), which accounted for the aggregation of the oil bodies without fusion at pH levels lower than 6.5. Adlay oil bodies suspended in 5 mM sodium phosphate buffer of pH 7.5 or 6.5 were left at 23 C for 6 h prior to observation under a Nikon Eclipse E600 light microscope (Nikon Corporation, Tokyo, Japan). To confirm that steric hindrance was provided by surface proteins, a 2-ml preparation of adlay oil bodies was subjected to trypsin (2.5 mg, bovine pancreas type III) digestion at 23 C for 30 min. After digestion, the stability and sizes of the oil bodies were assessed under the light microscope.
SDS-PAGE and Western blotting.
Total proteins from adlay and sesame seeds were extracted using a sample preparation kit from Bio-Rad (Hercules, CA), resolved by 12.5% SDS-PAGE, and then visualized with Coomassie Blue R-250. For immunoassay, proteins were transferred from the gel onto a nitrocellulose membrane in a Trans-Blot system (Bio-Rad) following the manufacturer's instructions. The membrane was subjected to immunodetection using primary antibodies against sesame seed oil-body proteins (27 kDa of caleosin, 39 kDa of steroleosin A, and 41 kDa of steroleosin B). Antibodies against sesame caleosin, steroleosin A, and steroleosin B were prepared by eluting these proteins from SDS-PAGE gels, and were raised in rabbits and chickens by methods described previously. 4, 6, 7) After washing, the membrane was supplemented with secondary antibodies conjugated with goat anti-rabbit or anti-chicken alkaline phosphatase, and then incubated with development buffer (0.1 M Tris-HCl, pH 9.5) containing substrates nitro blue tetrazolium chloride (NBT) and 5bromo-4-chloro-3-indolyl phosphate (BCIP) for color development.
RNA isolation and cDNA library construction. Total RNA was prepared by grinding 2 g of maturing adlay in liquid nitrogen by the phenol/SDS method. 22) Poly (A) þ mRNA was purified from total RNA using oligo dT magnetic beads (Dynabeads, Dynal. A.S, Oslo, Norway) following the manufacturer's instructions. A cDNA library was constructed with the Lambda Uni-ZAP Ò XR vector using a ZAP-cDNA synthesis kit by the standard protocol (Stratagene, La Jolla, CA, USA). After in vivo mass excision of the adlay cDNA library, the resulting plasmid bank was used as a template for the following PCR cloning.
PCR cloning of cDNA fragments encoding oil-body proteins in adlay. To clone cDNA fragments encoding oleosin isoforms, two degenerate primers 5 0 -GAAGCRGCRGCRCARGCGGG-3 0 and 5 0 -AAGCAYCCSCCSGGCGCYGA-3 0 were designed according to the conserved sequence of known H-and L-oleosin isoforms and an oligo(dT) primer with the cDNA library as templates. After subcloning and sequence analyses, two partial cDNA fragments with poly(dA) sequences encoding two oleosin isoforms were obtained. To complete the cDNA clone, two specific primers, 5 0 -CCGCCAGTGCCAGCAC-CACC-3 0 and 5 0 -TGCGCTGCGTCCTTGATGTCG-3 0 , were designed according to the known downstream sequence. Two fragments containing 5 0 untranslated sequences approximately 1,000 bp and 650 bp in length were obtained by PCR reactions using the two designed primers and a specific T3 primer, 5 0 -ATTAACCCTCAC-TAAAGGGA-3 0 , with the cDNA library as templates. Complete coding sequences for the two oleosin isoforms were obtained by reading the overlapping cDNA fragments.
To clone caleosin, two degenerate primers 5 0 -CAGCAYGTCG-CYTTCTTCGA-3 0 and 5 0 -RAAYCTGCCCTCRTTGTC-3 0 were designed according to two conservative regions found in caleosin genes from diverse species to amplify the first PCR fragment, of approximately 250 bp, with the cDNA library as templates. The 5 0 upstream sequence was amplified from the cDNA library by PCR using a forward T3 primer 5 0 -ATTAACCCTCACTAAAGGGA-3 0 and a specific reverse primer 5 0 -CACGGCACCCGCTGTAGGTC-3 0 recognizing the sequence of the first PCR fragment, generating the second PCR fragment, of approximately 1,100 bp. The third PCR fragment, of approximately 620 bp, was amplified from the 3 0 downstream region of the cDNA library using primers complemented to the first PCR fragment 5 0 -CCCGATCTACGTCCACAACATC-3) and the T7 promoter 5 0 -TAATACGACTCACTATAGGG-3 0 . The complete cDNA clone, of 1,837 bp, was linked by PCR and sequenced from both directions for verification.
MALDI-MS identification of oil-body proteins in adlay.
Tryptic peptides derived from in-gel digestion of the oleosin isoforms and caleoisn proteins in the adlay oil bodies were analyzed by matrixassisted laser desorption/ionization-mass spectrometry (MALDI-MS) and MALDI-MS/MS. All data were acquired with quadrupole-time-offlight (Q-TOF) hybrid mass spectrometers (Micromass Q-Tof Ultima, Manchester, UK, and Applied Biosystems QSTAR, Foster City, CA). The matrix used was -cyano-4-hydroxycinnamic acid. The lowenergy collision-induced dissociation MS/MS product ion spectra acquired from Q-TOF Ultima and QSTAR were analyzed using the Micromass ProteinLynxÔ Global Server 2.0 and Applied Biosystems BioAnalystÔ data processing software respectively. The MS/MS data were also subjected to search algorithms against the Swiss-Prot protein sequence database using Mascot software (Matrix Science, London, UK).
Results

Isolation and lipid analysis of oil bodies in the adlay grains
Oil bodies were found in the cells of both the embryo and the aleurone layer of mature adlay grains (Fig. 1) . In compressed environments in the desiccated adlay grains, some oil bodies, particularly those in the aleurone layer, were found to be irregular in shape, compacted together or with other organelles. Isolated oil bodies from the adlay grains as well as those from sesame seeds were subjected to lipid analysis in a TLC plate (Fig. 2) . The results indicated that the lipids of the adlay oil bodies were composed mainly of neutral lipids: >90% triacylglycerols and about 5% diacylglycerols, in a pattern similar to that of sesame oil bodies. 21) 
Structural integrity of oil bodies isolated from adlay grain
Stable oil bodies approximately 1 mm in diameter isolated from the adlay grians remained as individual particles in a medium of pH 7.5 at 23 C (Fig. 3A) , and this stability extended to several days at 4 C (data not shown). An aggregation of adlay oil bodies was induced by lowering the medium pH to 6.5 (Fig. 3B ). On trypsin treatment, the milky oil bodies coalesced, floating rapidly and forming a transparent layer on top of the reaction solution (Fig. 3C ). This suggests that the stability of the adlay oil bodies was maintained in a manner similar to that of the sesame oil bodies, in that proteins on the surfaces of the adlay oil bodies stabilized these organelles by steric hindrance and electrostatic repulsion.
Putative oil-body proteins in the adlay oil bodies
Two major (15 and 18 kDa) and some minor proteins were found in the oil bodies of the adlay grains after removal of most of the non-specifically associated proteins by detergent washing and ionic elution (Fig. 4) . In-gel digestion of the 15-kDa protein by trypsin produced three fragments, QGAMMTALK, YLTGK, and DAAQAHRIDQAQGS, which matched three tryptic fragments in a theoretical maize, oleosin-L (accession no. AAC02239). In-gel digestion of the 18-kDa protein by trypsin produced a fragment, TPDY-VEEARRRMAEAAAHAGHK, which matched a tryptic fragment in a theoretical maize, oleosin-H (accession no. AAC02240). This suggests that the two major proteins, of 15 and 18 kDa, in the adlay oil bodies were oleosin-L and oleosin-H respectively. Immunological cross-recognition with antibodies against sesame caleosin (27 kDa), steroleosin-A (39 kDa), and steroleosin-B (41 kDa) suggested that the relatively abundant band, of 40 kDa, among the minor proteins in the adlay oil bodies may have been caleosin. The steroleosin-A and steroelosin-B antibodies did not cross-recognize any protein bands from the adlay oil bodies under our experimental conditions.
Cloning of cDNA fragments encoding the three putative oil-body proteins in adlay
Full-length cDNA fragments (accession nos. 
Sequence analysis of the three deduced oil-body proteins in adlay
Sequence alignment indicated that the two deduced adlay oleosins were homologous to oleosins of diverse plants species, particularly in the central hydrophobic domain, which is relatively conservative and uninterrupted by any charged residue (Fig. 5) . A highly conservative proline knot motif was present in the middle of the central hydrophobic domains, probably playing a key role in the oleosin structure for targeting to oil bodies. The unique insertion of 18 residues (H-form insertion) in the C-terminal domain of seed oleosin-H isoforms was also present in the putative adlay Holeosin, but was absent in the putative adlay L-oleosin. As revealed by mass analysis, four tryptic fragments (high-lighted in the figure) of the two putative adlay oleosins carried sequences identical or nearly identical to those of the theoretical maize oleosins.
Sequence alignment indicated that the deduced adlay caleosin also comprised three structural domains, including an N-terminal hydrophilic calcium-binding domain, a central hydrophobic oil-body anchoring domain, and a C-terminal hydrophilic phosphorylation domain, which are conservatively present in other known caleosins (Fig. 6 ). Similar to oleosins, a conservative proline knot motif was present in the central hydrophobic domain of the adlay caleosin. Caleosins from monocot species appear to have an N-terminal appendix of 40-70 residues in comparison with those from dicot species.
Confirmation of two oleosin isoforms and one caleosin in the adlay by MALDI-MS
To determine whether the putative oleosin-L, oleosin-H and caleosin observed in the adlay oil bodies were encoded by the three cloned cDNA sequences, the three candidate bands (15, 18 , and 40 kDa) resolved on SDS-PAGE ( Fig. 4) were subjected to in-gel trypsin digestion prior to MALDI-MS analysis. The results showed that tryptic fragments of 15, 18, and 40 kDa bands matched the predicted sequences of the deduced adlay oleosin-L, oleosin-H, and caleosin respectively ( Table 1) . The presence of oleosin-L, oleosin-H, and caleosin in the oil bodies of the adlay was thus confirmed.
Discussion
In this study, stable oil bodies were successfully isolated from and characterized in the adlay grains. Comparably to oil bodies in rice seeds observed previously, 23) the oil bodies were present in both the embryo and the aleurone layer of the adlay grains, and mainly comprised triacylglycerols (>90%) and some Sequences are aligned according to three structural domains (N-terminal, central hydrophobic, and C-terminal domains) of the caleosins. The positions of a calcium-binding motif and a proline knot-like motif are indicated above the sequences. The two fragments used to design a pair of degenerate primers for PCR cloning are indicated by arrows. The accession numbers of the aligned sequences are ACF82687, EEC77624, AAQ74238, AAF13743, AAB71227 for maize, rice, barley, sesame, and soybean respectively. diacylglycerols (about 5%). Whether the oil bodies in the embryo and aleurone layers of adlay grains share the same composition remains to be clarified. Similarly to stable oil bodies isolated from various angiosperm seeds, the structural stability and integrity of the adlay oil bodies were maintained via steric hindrance and electrostatic repulsion, putatively provided by the surface proteins, mostly two oleosin isoforms in company with some minor proteins.
Among cereal grains, most of which contain approximately 2% oil, adlay grain is significantly rich in oil content (10%). 18) The high content of oil implies that oil synthesis as well as expression of oil-body proteins is executed at a much higher level in adlay grain than other cereal grains. In rice grain, it has been found that oleosin promoter is bran-specific and capable of directing joining expression in both the embryo and the aleurone layer. 24) Taking all this together, we suggest that promoters of oleosin and caleosin from adlay grain are stronger promoters than those of other grains. Whether promoters of adlay oil-body proteins can be perfectly expressed in other cereal grains remains to be determined.
Two oleosin isoforms of molecular masses 15 kDa (oleosin-L) and 18 kDa (oleosin-H) were present in the adlay oil bodies. Similarly to seed oleosin isoforms in all the other angiosperm species examined, the unique Hform insertion of 18 residues in the C-terminal domain was also present in adlay H-oleosin, but absent in adlay L-oleosin. 10) In contrast, a larger caleosin (40 kDa) is present in adlay seed oil bodies than that (27 kDa) in sesame oil bodies (Fig. 4 ). The size difference resulted mainly from an additional N-terminal appendix of approximately 70 residues in the adlay caleosin ( Fig. 5 ), possibly in company with some unidentified post-translational modification. It remains to be seen whether the size difference leads to a difference in the biological functions of caleosins in adlay and sesame oil bodies. Although immunological screening using antibodies against sesame steroleosin isoforms did not produce positive signals, we cannot rule out the possibility of the presence of steroleosin isoforms in adlay oil bodies. Further investigation should be done to clarify this.
Sequence comparison indicated that the caleosins in monocots (adlay, maize, rice, and barley) seed oil bodies possess an additional N-terminal appendix and thus are larger than those in dicotyledonous (sesame and soybean) seed oil bodies (Fig. 5 ). This distinct difference appears to be the consequence of an evolutionary event, either an insertion in monocot seed caleosin or a deletion in the dicotyledon version, occurring after the divergence of monocot and dicotyledonous species. Caleosin is present in pollen as well as more primitive species, such as cycads and algaes, and are perhaps an oil-body protein more primitive than oleosin in terms of evolution. [25] [26] [27] The additional N-terminal appendix found in monocot caleosins is not present in pollen or cycad caleosins of 28 and 27 kDa respectively. Therefore, we suggest that the additional N-terminal appendix found in monocot caleosins resulted from an insertion mutation in monocot seed caleosin in the course of evolution. Of course, this hypothetic evolutionary event should be verified by further molecular evidence.
